Abstract.-Various microporous carbon molecular sieves are studied as active electrode material for supercapacitors in order to clarify the controversy about the accessibility of the electrolyte to the micropores. Cyclic voltammetry experiments were performed in electrolytes with different ion size. The results showed a clear ion sieving effect when the porosity of the carbon was similar to that of the ions of the electrolyte. Impedance spectroscopy was also useful to evidence diffusion restrictions of the ions into the pores.
1.-INTRODUCTION
The performance of activated carbon as electrode in supercapacitors has been mainly related to its surface area and pore size. However, the role of pore size on the formation of the electric double layer is still under discussion as a consequence of the heterogeneous porous texture of activated carbons [1] . The development of mesoporous carbons obtained using the template technique has facilitated the understanding of the role of mesopores because they have rather homogeneous pore size [2] . In the case of microporous carbons there are no systematic studies to date allowing the determination of the minimum pore size that is accessible to a given electrolyte. The situation is so complex that even the suitability of microporous carbons for this application has been questioned based on the probable restrictions for the diffusion of the electrolyte into the porous network [3] . Nonetheless, there are studies that point out an anomalous increase in carbon capacitance at pores smaller than 1 nm [4] . Eliad et al. [5] investigated the relationship between the size of different electrolytes and the pore size estimated for activated carbons derived from cellulose. However, it is not easy to raise definite conclusions when standard activated carbons are used due to their wide pore size distribution. Therefore, the use of carbon molecular sieves with relatively homogeneous microporosity should facilitate the study on this topic.
In this study, various microporous carbon molecular sieves were used as active electrode material for supercapacitors. Although high capacitance is not expected from these samples due to their low surface area, the results would contribute to clarify the controversy about the accessibility of the electrolyte to the micropores.
2.-EXPERIMENTAL
Two commercial carbon molecular sieves supplied by Mitsubishi Co., the socalled Takeda CMS3A and CMS5A, and one molecular sieve obtained by activation of coconut shells with CO 2 at 1073 K for 4 h (CW4) [6] were used in this study. Physical adsorption of N 2 at 77 K and of CO 2 at 273 K were used for the characterisation of the porous texture of the carbons [7] . The microporosity of the samples was further analysed by measuring the enthalpy of immersion of the carbon molecular sieves into liquids of different molecular dimensions: dichloromethane (0.33 nm), benzene (0.37 nm), cyclohexane (0.48 nm), 2,2 dimethylbutane (0.56 nm), and α-pinene (0.70 nm) [8] .
The electrochemical performance of the samples was studied on coin-type electrodes prepared by using 15 wt. % of poly (vinylidene fluoride), PVDF, as binder. The results were express in the form of Nyquist plots and in terms of the variation of the resistance (Z') with frequency.
3.-RESULTS AND DISCUSSION
The textural characteristics of the carbon molecular sieves are summarised in Table 1 . Sample CMS3A has very narrow microporosity, which is not accessible to N 2 at 77 K. Immersion calorimetry into the liquid of smallest molecular size (CH 2 Cl 2 , 0.33 nm) is also negligible, which is indicative of the small porosity present in this sample.
Values of pore size between 0.3 and 0.4 nm have been reported in the literature for this sample [9] . On the other hand, the CO 2 adsorption at 273 K provides a volume of narrow micropores of 0.22 cm 3 /g. Sample CW4 has wider microporosity than CMS3A, but the differences obtained between the N 2 and CO 2 isotherms (V N2 < V CO2 ) indicate the presence of narrow microporosity also in this sample [6, 7] . The micropores present in sample CMS5A, although still narrow, are slightly wider than those present in CW4, as the difference between the adsorption of N 2 and CO 2 is not as large [7] . The results obtained by immersion calorimetry (Table 1) indicate that most of the microporosity of sample CW4 is below 0.48 nm, while that present in CMS5A is slightly wider, with a larger contribution between 0.48 and 0.56 nm. This carbon molecular sieve is wellknown and it has been characterized in detail elsewhere [6] .
Cyclic voltammetry experiments performed on the sample with the narrowest porosity (CMS3A) did not yield any capacitance even in the electrolyte of smallest dimensions (KCl) due to the restricted accessibility. Further information from the impedance experiments performed was obtained by studying the variation of the resistance (real component of impedance) with frequency ( Figure 3 ). The resistance obtained at high frequencies arise from physical phenomena without kinetic limitations. On the other hand, in the low frequency range the resistance can be assigned to kinetic controlled processes. In this case, where very narrow microporosity exists, it can be associated to the diffusion of the ions in the porous network. When LiCl is used as electrolyte, (Figure 3-a) , the resistance at low frequencies is similar both at the positive and negative voltages. On the contrary, the resistance obtained for CaCl 2 in the cation adsorption region is extremely higher than that obtained in the anodic one (Figure 3-b) , indicating severe restrictions for the diffusion of the Ca 2+ ions into the pores of sample CW4. This is in agreement with the results obtained by cyclic voltametry (Figure 1-a) . (Table 1) , which is mainly smaller than 0.48 nm, but a part of it being between 0.48 and 0.56 nm. Impedance spectroscopy tests performed on this sample did not show clear differences in diffusion resistance between the anodic and cathodic region, in contrast to sieve CW4.
Studies were also preformed in sulfuric acid in order to understand the role of pore size in a widely used electrolyte. (Figure 4-a) . It is worth noting that now the ion sieving effect is observed at a smaller ionic size than in the cathodic region. This could be due to the difference in pH of sulfuric acid and the other electrolytes studied, as the surface of the carbon is likely to be strongly protonated in the strong acidic media.
4.-CONCLUSIONS
The use of carbon molecular sieves as model electrode active materials in supercapacitors enables the determination of the minimum pore size which is accessible 8 to a given electrolyte. The results obtained in this study clearly demonstrate that very narrow micropores (0.5 nm) are still capable of forming the electrical double layer in aqueous media. Therefore, the majority of microporous carbons, with wider porosity, should be perfectly suitable as active electrode materials for supercapacitors when aqueous electrolytes are used. CW4 CMS5A
